ABSTRACT: A series of Ni/AIP.1-AlP04 catalysts has been prepared, thereby allowing the effect of nickel content and calcination temperature on the structural and catalytic activity of such solids to be investigated.The textural parameters of all the prepared samples were determined from nitrogen adsorption studies conducted at -196°C, while thermal analysis methods (DTA, TGA and DrTGA) and X-ray diffraction techniques were used to elucidate their structures. Their surface acidities were measured by the amine titration method, while the conversion of isopropanol on the prepared catalysts was investigatedusing a pulse microcatalytic reactor.
INTRODUCTION
Supported metal catalysts exhibit differing degrees of catalytic activity depending on the kind of support employed and the composition of the catalyst (Cullis and Huckna111982). Such supported catalysts possess several advantages over their unsupported varieties, in particular an improvement in mechanical strength, lifetime and thermal stability brought about by the hindrance of grain growth (Bond 1991; Martens and Prins 1989; O'Young 1989) . The metal present in metallic catalysts employed in technical applications is always fairly highly dispersed, so as to maximize the metal surface area as far as possible and to stabilize the dispersion during heat treatment and under catalytic conditions (El-Shobaky et al. 1993; El-Hakam et al. 1993; Gonjazelz-Marcos et al. 1997) .
In conventional supported catalysts, the metals are introduced into the support from aqueous solution or from suspensions by processes such as impregnation, adsorption, co-precipitation or deposition, followed by drying and subsequent reduction with hydrogen ; Molina and Poncelet 1998; Ihl Hyun et al. 1998 ).
The catalytic properties of supported transition metal ion catalysts are determined in many cases by interaction between the ions themselves and with the support (Reisch et al. 1992; Claude et al. 1992; Wenxiang et al. 1993) . The activity, selectivity and reaction mechanism are also usually influenced by the environment of the ions, i.e. their symmetry, coordination and degree of aggregation (Weckhusen et al. 1994; Siegfried et al. 1989) , which depend in many cases on the concentration of the active ions (Trimm 1980) . Transition metals are very important catalysts in a wide range of *Author to whom all correspondence should be addressed.
reactions, e.g. dehydrogenation (Ezzo et al. 1983) , methanation (Chang-Wei et al. 1997) , the hydrogenolysis and dehydrocycIization of alkanes (Gallaher et al. 1991; Yiping 1997) and the hydrodesulphurization of gas oil fractions (Xiaoliang et al. 1996) . Bifunctional catalysts which involve both the metal and the support are used for naphtha reforming and alcohol conversions (Clause eta/. 1993; de Miguel etal. 1996) .
The present studies form part of a continuing effort (Ahmed et al. 1989; Samra et at. 1998) to identify those properties of a supported nickel system which may be related to its enhanced catalytic behaviour. Along with such studies, we also report the results of an investigation of the effect of various parameters on the structural and catalytic properties of nickel-supported Ni/AIP,-AIP0 4 catalysts.
EXPERIMENTAL

Materials
Aluminium phosphate, AIP0 4, was prepared by co-precipitation using ammonium hydroxide solution as the hydrolyzing agent. Thus, an aqueous solution of aluminium nitrate, AI(NO,),.9Hp, was mixed with the required quantity of 85% Hl0 4 to attain an AlIP ratio equal to unity. Ammonia solution was added dropwise at 35°C to the resulting solution with continuous vigorous stirring in order to precipitate AIP0 4
• The pH of the solution was maintained at a value of -8.0 during this process, the resulting precipitate being filtered and washed with distilled water until free from nitrate ions.
Aluminium hydroxide, AI(OH)" was prepared from an aqueous solution of AI(NO,),.9Hp, by the dropwise addition of a 2 M solution of NHpH at 35°C with continuous vigorous stirring. The pH of the solution was maintained at -8.0 during the precipitation process and the resulting precipitate filtered and freed from nitrate ions by washing with distilled water as described above.
Five NilAlP,-AIP0 4 catalysts containing 5, 15, 25, 35 and 50 wt% Ni were prepared by the impregnation method using appropriate amounts of aqueous solutions of nickel nitrate, Ni(NO)2·6Hp, to the mixed AI(OH)3-AIP04 (1:1) gels. Each NilAlP,-AIP0 4 catalyst was calcined for 5 h at 400°C, 500°C, 800°C or l0000C and then reduced by heating at 400°C for 6 h in a hydrogen stream at a flow rate of 6 l/h.
Techniques
Thermal analyses (TGA, DrTGA and DTA) of the uncalcined samples were carried out using a Shimadzu thermal analysis type 50-H apparatus, the sample under examination being heated at a rate of 10°C/min throughout. XRD studies were undertaken using a Geiger-Flex DIMAX-IA X-ray diffractometer employing Ni-filtered Cu Ku radiation (A, =1.5405 A.). Samples were scanned between 28 values of 10°and 80°at a scanning speed of 2°/min. Nitrogen adsorption measurements were carried out on the reduced samples at -196°C using a conventional volumetric apparatus, the samples being outgassed for 4 h at 200°C and 1O-~Torr pressure prior to any adsorption measurement being undertaken.
The catalytic activities of the investigated samples towards the conversion of isopropanol at 320°C and 3400Cat a nitrogen flow rate of 33.3 ml/min were determined using a pulse microcatalytic technique. Thus, the reactants were injected into a microreactor heated electrically at the desired reaction temperature, the latter being directly attached to a gas/liquid chromatography unit (Pye-Unicam 104) to effect analysis of the reaction products. The surface acidities of the various samples were determined spectrophotometrically from the amounts of n-butylamine adsorbed at 25°C.
In the designations of the various samples given below, N, A and AP stand for nickel, alumina and aluminium phosphate, respectively. The arabic numerals I, 2, 3, 4 and 5 directly following the letter N indicate nickel contents of 5. 15, 25, 35 and 50 wt%, respectively, while the final Roman numeral indicates the calcination temperature employed (I, II, III and IV corresponding to 400°C, 500°C, 800°C and IOOO°C, respectively). Thus, the designation AAPN2-I indicates a nickel/aluminaphosphate catalyst containing 15 wt% nickel calcined at 400°C.
RESULTS AND DISCUSSION
Thermal analysis
The DTA, TGA and DrTGA curves for pure AIP,-AIP04 and Ni (35 wt%)/AIP,-AIP04 samples are depicted in Figures I and 2 , respectively. In both cases, the TG curves exhibit two weight loss stages. The first up to 120°C corresponding to 7.2% weight loss, associated with an endothermic DTA peak and a minimum in the DrTGA curve which ends at 120°C, is due to the evolution of physically adsorbed water molecules. A second endothermic peak occurring in the DTA curve at 220°C and accompanied by a weight loss of 14.2% corresponds to the removal of constitutional water. The strong exothermic DTA peak located at 260.TC and involving a weight loss of ca. 27.9% is probably due to a change in the aluminophosphate framework structure (Parise 1985) , while the small minimum in the DrTGA curve at higher temperatures and corresponding to a weight loss of ca. 1.4% may be due to the formation of nickel oxide.
XRD measurements
Some selected samples were considered for X-ray diffraction study to investigate the effects of the nickel content and the calcination temperature on the structure of the materials investigated. I. Upon heating the samples, the presence of alumina greatly influences the surface properties of the various Ni/AI,O,-AIP04 samples by exerting a protective effect against sintering and delaying the crystallization process. i.e. inhibiting the effect of Ni content on the crystallization of AIP0 4. The stability of the texture of the Ni/AIP,-AIP04 samples towards thermal treatment is considerably improved relative to that of Ni/AIP0 4 catalysts (EI-Hakam et al. 1999 ) through stabilization of the amorphous structure of the Ni/AIP,-AIP04 system which is fully retained in the presence of alumina at calcination temperatures up to 800°C. This observation accords with that of Kehl (1978) who claimed that the alumina and aluminium phosphate in such materials do not exist as a mere physical admixture but form a new composition in which the crystallization of AIP0 4 is inhibited. Calcination of AIP,-AIP04 at lOOO°C leads to the development of a badly crystallized structure composed of y-AIP, and AIP0 4 in tridymite polymorphs. 2. The presence of alumina causes enhancement of the solid-solid interaction between nickel and alumina to form a nickel aluminate spinel. NiAIP4' characterized by d-spacings of 1.54 A. Temperature (0C) s.A. El-Hakam et al.lAdsorption Science & Technology Vol. 17 No.5 1999 200 The formation of y-alumina during the crystallization process is indicative of the relationship between octahedral and tetrahedral AI atoms in the AIP3-A1P04 solid. The y-AIP3 structure contains considerably more octahedral AI0 6 sites than either the a-or the n-phases. Thus, if the majority of tetrahedrally coordinated AI atoms in AIP3-A1P04 are bound in the form of AIP0 4 upon crystallization, the remaining alumina should be predominantly octahedral in character and hence incorporated in a y-Alpflike form as long-range crystallinity develops. The presence of tridymite in AIP0 4 upon crystallization of the AIP3-AIP04 solid may be explained by steric considerations. Thus, Peri (1971) has suggested that tridymite is the favoured form of AIP0 4 due to the requirement that hydroxy groups bond to both AI and P atoms. For these reasons, it is not surprising that the tridymite and y-AIP3 phases predominate upon crystallization of AIP3-AIP04'
Textural properties
Nitrogen adsorption/desorption isotherms were measured at -196°C for all the samples investigated. Figure 5 depicts representative nitrogen adsorption/desorption isotherms for various AAPN catalysts all calcined at IOOO°C. It should be noted that the isotherms for the unimpregnated AIP3-AIP0 4 solid (not presented) and for impregnated Ni/AlP3-AIP04 materials were all of type II in the BDDT classification (Brunauer et al. 1940 ) exhibiting closed hysteresis loops whose desorption branches joined the adsorption isotherms at a relative pressure of ca. 0.35-0.52. The presence of such hysteresis loops which are of type H3 in the IUPAC classification (1972) indicates that the pores present were slit-shaped. On changing the nickel content and the calcination temperature. the isotherms remained of type II but their shape and the position of the starting point in the hysteresis loop revealed a further collapse in the porous texture of the materials.
The specific surface areas, SBET (m 2/g), for the various samples investigated were calculated by applying the BET equation (Brunauer et al. 1938 ) adopting a value of 16.2 A2 for the cross-sectional area of the nitrogen molecule at -196°C. The values thus obtained are listed in Table I together with the calculated total pore volume, V T (mllg), this being the volume of liquid nitrogen adsorbed at a relative pressure very close to saturation, i.e. at ptpO::: 0.95. The use of t-plots (Alario Franco and Sing 1975; Sing 1976 ) supports the BET analysis given above. The selection of the standard isotherm for such plots takes into account the C BET value and hence adsorbate-adsorbent interactions. Figure 6 illustrates some of the t-plots obtained in the present work for the samples investigated. A t-plot which passes through the origin indicates that the sample studied contains no micropores whereas an intercept expresses the micropore volume of a microporous sample (Sachs et al. 1969; Bye and Sing 1967) . Those depicted in Figure 6 exhibit two steps, the higher an upward deviation from the linear branch of the t-plot and corresponding to capillary condensation starts at relative pressures similar to the hysteresis loops exhibited in the adsorption/desorption isotherms, while the lower is a linear t-plot passing through the origin and corresponding to mono-/multi-Iayer adsorption in pores where adsorption/desorption is perfectly reversible. The surface areas calculated from such t-plots, St' are also listed in Table I the data obtained are closely similar to the values obtained via the BET method, thereby reflecting the high accuracy of the C BET determination and consequently the appropriate nature of the reference t-curves employed.
Pore size distribution data are becoming increasingly important in studies of heterogeneous catalysis, especially in the context of diffusion-controlled processes. In the present work, a quantitative picture of the pore size distribution was obtained from a BJH analysis (Barrett et at. 1951) of the nitrogen desorption branch of the isotherm (McBain 1935) . Figure 7 depicts the pore volume distribution curves for some selected Ni/AIP3-AIP04 samples. The variation of the pore volume with nickel content illustrated in this figure, together with the corresponding values of the specific surface areas quoted in Table I , seems to be associated with the distribution of the nickel metal on the support surface which leads to blockage of some of the narrower pores. At all the calcination temperatures employed, as the nickel content was increased up to 35 wt% the metal appeared to attack the walls of some of the wider pores, thereby creating new narrow pores and leading to an increase in the specific surface area. During calcination and subsequent reduction, the nickel surface compound is decomposed and the free metal is dispersed on the carrier surface (Ahmed and Youssef 1981) , leading to a decrease in the pore radius and an increase in the surface area as is evident from the pore volume distribution curves. Further increase in the nickel content to 50 wt% leads to agglomeration and clustering during metal particle growth, the presence of both micropores and mesopores in the subsequent samples (particularly at higher calcination temperatures) demonstrating the inhomogeneity of the materials and the commencement of shrinkage (Houalla et al. 1980) . The results summarized in Table 1 indicate that the cumulative surface areas, Scum' differ from the SBET values in some instances by as much as several per cent. The same is true for the cumulative pore volumes, V cum ' relative to the total pore volumes, V T .
In supported metal catalysts, two processes occur during catalyst treatment (i.e. during the preparation, drying, calcination and reduction). These processes are activation and sintering, with the pore structure playing an important part in both mechanisms. Thus, in activation, the small crystallite size of the nickel metal associated with the presence of micropores leads to an increase in the surface area, suggesting that a diminution in surface area is probably associated with the formation of crystallites having a larger grain size. It has been postulated (Ahmed and Youssef 1981) that during sintering crypto-crystalline material moves from the surface ofthe wider pores to fill smaller capillaries or pores so that the average pore size increases while the surface area decreases. The 
....... formation of nickel metal, the AIPO4 phase, alumina and a nickel aluminate spinel as demonstrated by X-ray studies plays an important part in the changes in textural properties observed.
Surface acidity and catalytic activity
The surface acidity, i.e. the amount of acid present or the acid density, of the calcined solids was determined by titration with butylamine (pK" = 10.73) from cyclohexane solution at room temperature using a spectrophotometric method (Campelo et at. 1995) . The monolayer coverage, X m, i.e. the amount of acid per g of catalyst, was determined using the Langmuir adsorption isotherm equation. The value of X m was subsequently converted into the number of acid sites per unit surface area, Nacid/m2' by using the following relationship: It has been demonstrated that the catalytic conversion of isopropanol over the solid catalysts examined proceeds via two alternative pathways:
The formation of the alkene (dehydration product) may suggest the presence of an acid centre, while the formation of an alkanone (dehydrogenation product) may arise from catalysis involving both an acid and a basic centre (EI-Jamal et af. 1988) . In the presence of the catalysts employed in
this study, the conversion of isopropanol was found to proceed via dehydration to propylene and via dehydrogenation to acetone. What is interesting is the resemblance between the curve linking the variation in the quantity of acid centres on the catalyst surface with calcination temperature for AAPN4 with the curve linking the dependence of the yield of propylene with calcination temperature for AAPN2 at a reaction temperature of 320°C and a nitrogen flow rate of 33.3 ml/min. As shown in Figure 8(a) , the maximum of the percentage conversion to propylene versus calcination temperature curve coincides with that for the number of acid sites versus calcination temperature curve. This suggests a process occurring on the catalyst surface which leads to the formation of vacant coordination sites capable of acting as Lewis acid centres. In addition, isolated and paired P-OH groups as well as O-P-OH groups can act as Bronsted acid centres (Haber and Szybalska 1981; Campelo et af. 1986 ). Both these types of acidic site could be responsible for the dehydration of isopropanol over the catalysts studied.
The mechanism of isopropanol dehydration on an alumina surface may proceed by the application of the 'principle of least motion' widely utilized in organic chemistry and applied to catalytic reactions by Eucken and Wicker (1947) , Depending upon the timing, this mechanism may involve a 'cation-like' or an 'anion-like' intermediate or it may involve a concerted mechanism in which ã -hydrogen is lost synchronously with the hydroxy groups as shown below: • This structure has also been utilized for the acid-base pair in the alumina model proposed by Knozinger and Ratnasamy (1978) , where 9 in the above representation corresponds to a coordinatively unsaturated AP+ ion. Analogous mechanisms can be written for any kind of Lewis or Bronsted acid site. Figure 8 (b) depicts the effect of nickel content in AAPN catalysts calcined at 800 a e on the dehydrogenation and dehydration selectivities in the conversion of isopropanol at 3400C at a nitrogen flow rate of 33.3 ml/min. It is evident from the figure that the observed increase in dehydrogenation selectivity and decrease in dehydration selectivity appear to be related directly to the concentration of surface basic sites and acidic sites, respectively. In addition, the overall decrease in the total percentage conversion of isopropanol with increasing nickel content appears to correlate, at least on a semi-quantitative basis, with the decrease in the total number of acidic and basic sites on the catalyst surface. The selectivities depicted in Figure 8 (b) appear to reach a plateau value at ca. 35 wt% nickel; at this catalyst composition, the number of basic sites becomes equal to or greater than the number of acidic sites, with the total number of sites being at a maximum. At even higher nickel contents in the catalyst, the total percentage conversion starts to decrease once more, with dehydrogenation being more pronounced than dehydration.
